The 3-O-sulfation of N-sulfated glucosamine is the last event in the biosynthesis of heparin/heparan sulfate, giving rise to the antithrombin-binding pentasaccharide sequence AGA*IA, which is largely associated with the antithrombotic activity of these molecules. The aim of the present study was the structural and biochemical characterization of a previously unreported AGA*IA*-containing octasaccharide isolated from the very-lowmolecular-mass heparin semuloparin, in which both glucosamine residues of the pentasaccharide moiety located at the nonreducing end bear 3-O-sulfate groups. Two-dimensional and STD (saturation transfer difference) NMR experiments clearly confirmed its structure and identified its ligand epitope binding to antithrombin. The molecular conformation of the octasaccharide-antithrombin complex has been determined by NMR experiments and docking/energy minimization. The presence of the second 3-O-sulfated glucosamine in the octasaccharide induced more than one order of magnitude increase in affinity to antithrombin compared to the pentasaccharide AGA*IA.
INTRODUCTION
Heparin and HS (heparan sulfate) are the most extensively studied polysaccharides belonging to the glycosaminoglycan family. They interact, mainly through their sulfate and carboxylate groups, with many proteins, such as enzymes, growth factors, plasma glycoproteins, cytokines and extracellular matrix proteins, influencing a large number of biological processes [1, 2] .
The backbone of heparin/HS chains comprises alternating 1-4 linked β-D-glucuronic acid (G) or α-L-iduronic acid (I) and α-D-N-glucosamine (A) residues. The A residues can be N-sulfated (A NS ) or N-acetylated (A NAc ) at position (P-) 2, O-sulfated at P-6 (A 6S ) and, more rarely, at P-3 ( 3S A; A* signifies 3S A 6S NS ). The uronic acid residues, I and more rarely G, can be O-sulfated at P-2 (I 2S /G 2S ). In heparin the most prevalent disaccharide is -I 2S -A 6S NS -, whereas, in HS highly sulfated domains alternate with sparsely sulfated domains, consisting predominantly of -G-A NAc/NS - [3] .
Heparin and HS are biosynthesized as proteoglycans consisting of a unique core protein (serglycin) to which multiple polysaccharide chains (M r 60000-10000) are covalently attached. In contrast to HS, which is expressed and secreted by most mammalian cells and located on cell surfaces and in the extracellular matrix, heparin is produced exclusively in mast cells. Following synthesis, heparin chains are cleaved at random points by an endo-β-D-glucuronidase to generate shorter heparin chains (M r 25000-5000) that are stored in the cytoplasmic secretory granules of mast cells.
The biosynthesis of heparin and HS takes place in the Golgi network and is initiated by the construction of the tetrasaccharide-linkage region (-GlcA-β1→3-Gal-β1→3-Gal-β1→4-Xyl-β1→O-Ser), which is assembled by the transfer of monosaccharides from respective UDP (uridine diphosphate) sugars to a serine residue of the core proteins. Next, the sequential addition of the G and A NAc units to the non-reducing end extends the chain. In close association with chain elongation, a series of reactions involving N-deacetylation/N-sulfation of A NAc residues, epimerization of G to I and O-sulfation at different positions occur to generate the final heparin/HS polymer. However, the mechanism of the non-random distribution of the low-sulfated and high sulfated disaccharide units in HS is still unknown [4] .
A particularly important enzyme acting in heparin/HS biosynthesis is the 3-OST (3-O-sulfotransferase), which catalyses the transfer of an O-sulfate to P-3 of A with the formation of the antithrombin-binding pentasaccharide -A 6S NAc -G-3S A 6S NS -I 2S -A 6S NS -(AGA*IA). This pentasaccharide is responsible for the interaction with serine protease inhibitor AT (antithrombin), resulting in a conformational change and subsequent inhibition of major coagulation cascade proteases, including thrombin (Factor IIa) and Factor Xa. The biosynthesis of the AT-binding region has been the subject of numerous studies [5, 6] . Earlier studies proposed that incorporation of the critical 3-O-sulfate group concludes the biosynthetic process adding the final structural component required for the AT binding [7] . Further studies demonstrated that 3-OST exists in seven different isoforms, which are present in different tissues and have distinct functional roles [8, 9] . It was demonstrated that 3-OST-1 preferentially transfers a sulfo group to P-3 of A NS or A 6S NS linked at the non-reducing end to G, generating AT-binding sites, whereas, 3-OST-2 is able Abbreviations used: AT, antithrombin; CORCEMA, complete relaxation and conformational exchange matrix; 2D, two dimensional; HS, heparan sulfate; HSQC, heteronuclear single-quantum coherence; HSV-1, herpes simplex virus type-1; NOE, nuclear Overhauser effect; 3OSG, 3-O-sulfated glucosamine; 3-OST, 3-O-sulfotransferase; SAX, strong anion-exchange; STD, saturation transfer difference; STD-AF, STD amplification factor; tr-NOE, transferred NOE; tr-NOESY, transferred NOESY. . 1 These authors contributed equally to this study and correspondence may be addressed to either author (email guerrini@ronzoni.it or Christian.Viskov@sanofi.com). 2 The AGA*IA* and AGA*IA sequences are highlighted by a dark grey and a grey rectangle respectively.
to 3-O-sulfate A NS in the disaccharide -G 2S/ I 2S -A NS -, producing a different protein-binding sequence [10, 11] . For instance, it was proved that 3-OST-3 modification of HS HSV-1 (herpes simplex virus type-1)-resistant cells made the cells susceptible to HSV-1 infection [12] . Moreover, the A 6S NS -I 2S -A* sequence has been identified to be present in substantial amounts in the glomerular basement membrane HS [13] , whereas high levels of G 2S in HS isolated from various sections of human brain was reported [14] . Finally, the extremely high content of 3OSG (3-Osulfated glucosamine), found in both AT-binding and non-binding human follicular fluid HS sequences [15] , and the observation of a tetrasulfated disaccharide unit in HS from various tissues [16] supports the observation that this residue is not exclusively present in the pentasaccharide sequence.
In spite of that, oligosaccharides so far isolated from heparin through chemical or enzymatic depolymerization contain 3OSG only in the -G-A*-I-sequence of the AT-binding pentasaccharide. Besides the presence of N-acetyl or N-sulfate groups at P-2 of the non-reducing glucosamine residue, and the possible lack of the sulfo group at P-6 of the A* residue (hexasaccharide isolated from semuloparin; results not shown), such oligosaccharides containing intact, or portions of, the AT-binding sequence do not show any variability in their pentasaccharide part [17, 18] . Only synthetic heparin pentasaccharide analogues containing an extra 3OSG at the reducing end have been reported to elicit a higher affinity to AT [19] .
In contrast greater structural variability can occur in residues flanking the AGA*IA sequence, influencing both AT affinity and the anti-Factor Xa activity of these oligosaccharides. The role of residues elongating the pentasaccharide sequence towards both ends was recently demonstrated for octasaccharides isolated from enoxaparin. Although the presence of some residues, such as the G preceding the AGA*IA sequence or 1,6-anhydro-hexosamine at the reducing end of the pentasaccharide, can be generated by the depolymerization process, all other structural variations reflect the natural heterogeneity of heparin [20] [21] [22] .
In the present study we have isolated and characterized an AT-binding heparin octasaccharide containing two 3-O-sulfated glucosamine residues. Like all fragments generated by β-elimination cleavage of heparin chains, OCTA-7, U-A 6S NAc -G-A*-I 2S -A*'-I 2S '-A 6S NS(red) , terminates at the non-reducing end with a 4,5-unsaturated uronic acid residue ( U). In OCTA-7 the ATbinding pentasaccharide sequence contains a second 3OSG at the reducing end of the pentasaccharide moiety and is accordingly designed as AGA*IA* (Figure 1 ). This pentasaccharide has a structure similar to that of a synthetic pentasaccharide described previously, which possessed an N-sulfated glucosamine instead of a N-acetylated glucosamine residue at its non-reducing side [19] .
The structure of the octasaccharide was unambiguously defined by controlled enzymatic digestion and NMR spectroscopy (see the Supplementary Online Data at http://www.biochemj. org/bj/449/bj4490343add.htm) and its binding region, which is involved in the interaction with AT, was determined by STD (saturation transfer difference) experiments. The conformational properties of OCTA-7 in the free state and in complex with AT was also investigated by NMR [NOE (nuclear Overhauser effect) and tr-NOE (transferred NOE)] spectroscopy, docking simulations and energy minimization. OCTA-7 showed higher affinity to AT with respect to the synthetic pentasaccharide Fondaparinux (AGA*IA) and the analogous OCTA-1, U-A OCTA-7 was isolated and characterized as described previously [22] using a combination of AT affinity, CTA (cetyltrimethylammonium)-SAX (strong anion-exchange) and SAX Carbopack AS11 (Dionex) chromatography, starting from an octasaccharide GPC fraction of Semuloparin. The structure of the OCTA-7 was determined using a controlled digestion of the sample with heparitinase (heparinase I, EC 4.2.2.7) followed by HPLC analysis according to the procedure described previously [23] . Briefly, a pH 7 aqueous solution of reduced OCTA-7, by NaBH 4 in aqueous solution, was treated with heparitinase, giving at first a mixture of two tetrasaccharides, U-A 
Fluorescence titration
The equilibrium dissociation constant (K d ) for the interaction between AT and the OCTA-7 or AGA*IA, was assessed at 25
• C in 0.05 M Hepes (pH 7.4) and 0.1 M NaCl. The K d value was obtained by monitoring the enhancement of the intrinsic fluorescence of the serpin upon its reaction with increasing concentrations of the oligosaccharides [24, 25] .
The fluorescence intensities (λ ex = 280 nm and λ em = 340 nm) were measured using a RF5000 Shimadzu fluorospectrophotometer equipped with a temperature controlled cell holder. The best estimate of the K d value was determined by fitting the fluorescence data to the quadratic equilibrium binding equation eqn (1):
where, [AT] 0 and [ols] 0 are the AT and oligosaccharide initial concentrations respectively, Δf and Δf max are the absolute change of fluorescence intensity (f − f 0 ) for a given oligosaccharide concentration and that of the maximum fluorescence intensity change [(f − f 0 ) max ] respectively, and n is the binding stoichiometry. In the present study n was set to 1 since the two analysed oligosaccharide preparations were considered to contain a single product, each molecule of which is capable of binding to one molecule of AT. Non-linear regression analysis was conducted with the GraFit software (Erithacus Software).
NMR spectroscopy
NMR spectra were recorded using a Bruker Avance III spectrometer (600 MHz) equipped with a high-sensitivity 5 mm TCI cryoprobe at 33 • C. After exchanging the samples three times in 2 H 2 O, samples were dissolved in 0.2 ml 10 mM phosphate buffer, 0.5 M NaCl (pH 7.4) and 3 mM EDTA in 2 H 2 O (99.996 %) and placed in 3-mm NMR tubes. The samples used to detect NH signals (proton, STD and spectra) were dissolved in 90:10 H 2 O/ 2 H 2 O mixture in the same buffer. For the tr-NOE experiments the samples were prepared by dissolving 1 mg of AT and 180 μg of the octasaccharide in phosphate buffer reaching a molar ratio of 1:3.5 AT/octasaccharide. Proton spectra were recorded with presaturation of the residual water signal with a recycle delay of 12 s and 256 scans. Bidimensional DQF (double-quantum-filter)-COSY and 2D (two dimensional)-TOCSY spectra were acquired using 32 scans per series of 2048×512 data points with zero filling in F1 (4096×2048) and a shifted (π/3) squared cosine function was applied prior to Fourier transformation. HSQC (heteronuclear single-quantum coherence) spectra were obtained in phasesensitivity enhanced pure-absorption mode with decoupling in the acquisition period. The matrix size of 1024×320 data points was zero filled to 4096×2048 by application of a squared cosine function prior to Fourier transformation. All 2D-NOESY and 2D tr-NOESY (transferred NOESY) experiments were performed in a similar way. A total of 32 scans were collected for each freeinduction decay (matrix 2048 × 512 points), the data were zerofilled to 4096×2048 points before Fourier transformation, and mixing time values of 100, 200 and 400 ms were used.
Monodimensional STD experiments
Octasaccharide-AT samples were prepared so that the final protein concentration was 3.4×10
− 6 M with a ligand/AT molar ratio of 40:1. The pulse sequence used for the monodimensional STD NMR experiments includes a 30 ms spin-lock pulse to eliminate the broad resonances of the protein. A train of 12, 20 and 40 Gaussian-shaped pulses of 50 ms each were applied to produce selective saturations. The on-resonance irradiation was performed at the low-field protein resonances ( 7.2 p.p.m.), whereas the off-resonance control irradiation was performed at 24 p.p.m. The STD spectrum was obtained by phase cycling subtraction of the on-resonance and off-resonance data acquired in interleaved mode. The number of scans and dummy scans were 2048 and 16 respectively.
Computational studies on the octasaccharide-AT complexes
The octasaccharide models were created using MAESTRO, I 2S and I 2S ' of OCTA-7 were set in the 2 S 0 conformation, whereas in OCTA-1 they were set as 2 S 0 and 1 C 4 respectively [22] . The A and G residues were configured as 4 C 1 [22] . The OCTA-1-AT and OCTA-7-AT complexes were built starting from the AGA*IA-AT structure published previously [26] , the complexes were minimized using MacroModel bmin (500-2000 steps). The AMBER* force field was used for the simulation, with the extended cut-off: 20.0, 8.0 and 4.0 Å (1 Å = 0.1 nm) for electrostatic, dispersive and hydrogen bond interactions respectively. No restraints were applied on the complex atoms. Before and after 2000 steps of energy minimization the OCTA-7-AT complex geometry was tested, comparing selected simulated tr-NOESY signals with the corresponding experimental data. CORCEMA (complete relaxation and conformational exchange matrix) analysis was applied to simulate the tr-NOESY signals starting from the minimized OCTA-7-AT geometries [27] . For the CORCEMA analysis a qualitative selection of K d = 0.24 μM (experimental value in 0.5 M NaCl) and k off = 8.0 s − 1 was used. In this condition the exchange times for ligand (τ L ), protein (τ E ), and the complex (τ EL ) were, 0.512, 3.01 × 10 − 4 , and 0.25 s, respectively, while the correlation time for the ligand and the complex was set to 0.8 and 46.0 ns [22] . Protons selected for the CORCEMA analysis belong to the ligand and the AT sequence Gly 2 -Ser 25 /Lys 39 -Lys 53 /Thr 110 -Lys 139 . The tr-NOESY H1-H2 intensity of the four glucosamines of OCTA-7 were used as a qualitative check of the relative position of the ligand to the AT-binding site; after 2000 minimization steps these simulated intensities fitted qualitatively the experimental values for the bound OCTA-7 at mixing times of 100, 200 and 400 ms.
The R-factor, was calculated using eqn (2):
where NOE sim is simulated tr.NOE and NOE exp is experimental tr.NOE.
RESULTS AND DISCUSSION

Equilibrium dissociation constants
The interaction of OCTA-7 with AT resulted in a 40 % increase in the protein's intrinsic fluorescence compared with that of AGA*IA interacting with AT. The K d value measured in 0.05 M Hepes (pH 7.4) and 0.1 M NaCl, for the OCTA-7-AT complex was 1.1 nM, an affinity much higher than that between OCTA-1-AT (208 nM) and AGA*IA-AT (21 nM) (a 1:1 binding stoichiometry was used to determine the best estimate of the K d value [21] ).
NMR characterization of OCTA-7
Proton and carbon resonances ( [28] . The 3 J HH values (Table 1) for the unbound OCTA-7 indicates that the prevalent conformation of the I 2S residue is 2 S 0 (75-80 %), whereas I 2S ' is almost equally distributed between 2 S 0 and 1 C 4 (55 % and 45 % respectively) [29] . The smaller 3 J HH values measured for both I 2S residues (Table 1 ) compared with the pentasaccharide synthetic model [19] are due to the high salt concentration present in the buffer (see the Materials and methods section in the Supplementary Online Data). The electrostatic repulsion between the anionic charges of neighbouring glucosamine residues, which is the driving force that determines the conformational equilibrium of the I 2S , may be partially attenuated by the presence of counter-ions promoting the 1 C 4 conformer [29] . The presence of the extra 3OSG increases the 2 S 0 conformation population of both iduronate moieties as demonstrated by the comparison with 3 J H-H values measured on a synthetic pentasaccharide also bearing two 3-O-sulfated glucosamine residues [19] .
The NOESY data were in agreement with the above results, since the presence of characteristic intraresidue cross-peaks between H2 and H5 were detected for both iduronate residues. This NOE contact is the marker of the 2 S 0 conformation, since it cannot take place in the 1 C 4 conformer. Similar magnitudes of experimental H5-H4 and H5-H2 NOEs were found for the iduronate residue of the A*-I 2S -A*' sequence present exclusively in OCTA-7 (Table 2 ) and present results suggest a similar distance between I5-I4 and I5-I2 protons, characteristic of the almost pure Table S1 at http://www.biochemj.org/bj/449/bj4490343add.htm).
OCTA-7 temperature coefficients
Proton NMR spectra of OCTA-7 were measured with temperatures ranging from 277 K to 298 K. Using COSY and TOCSY spectra it was possible to assign the sulfamate (NHSO 3 − ) signals of A*, A*' and A 6S NS(red) , whereas the amidic NHCOCH 3 proton of A NAc was not observed, indicating a fast exchange rate with water, even at low temperature (Supplementary Figures S4 and S5 at http://www.biochemj.org/bj/449/bj4490343add.htm). The NHSO 3 − signals belonging to A* and A*' were sharp, even at 298 K, unlike the NHSO 3 − signal of reducing-end glucosamine, A 6S NS(red) , suggesting their probable involvement in hydrogen bonding. The presence of a persistent hydrogen bond between the sulfamate NH and the adjacent 3-O-sulfo group of A* has been described for AGA*IA [31] . Lower temperature coefficients compared with those of the reducing hexosamine ( − 4.4 p.p.b./K) were observed for the NHSO 3 − protons of both 3-O-sulfated glucosamine residues (0.9 p.p.b./K, − 2.9 p.p.b./K for the NHSO 3 − of A*' and A* respectively), which was also observed by Langeslay et al. [31] . In particular A*' showed the lowest temperature coefficients, 9 p.p.b./K, indicating a stronger hydrogen bond involving this proton (Supplementary Figure S6 at http://www.biochemj.org/bj/449/bj4490343add.htm).
STD experiments
STD NMR spectroscopy is a powerful method for the study of interactions between ligands and macromolecular receptors. The experiment is based on the transfer of saturation from the macromolecule to the bound ligand. The protons of the ligand that have the 'strongest' contact to the macromolecule will show the most intense STD signals, enabling the mapping of the ligand's binding epitope [32] .
Both OCTA-1-AT and OCTA-7-AT were studied (OCTA-1-AT was previously measured, but the experiments were repeated in the same conditions as OCTA-7-AT [21] ); the STD intensities were normalized to the most intense STD signal of the spectrum, anomeric protons of A* (Table 3) .
For OCTA-1-AT the reducing-end disaccharide I 2S '-A 6S NS(red)
is less involved in the interaction with AT compared with the AGA*IA region [21] , this is shown by the weaker STD signals corresponding to H1 and H2 of A 6S NS(red) and H1 of I 2S ' (Table 3 and Figure 2a) . Although, some of the anomeric signals of OCTA-7 are superimposed in the spectrum, weaker STD signals observed for the reducing disaccharide indicates that there is a greater distance between those residues and AT. Saturation transfer difference signals were slightly greater for H2 of A 6S NS(red) and H5 of I 2S ' in OCTA-7 compared with OCTA-1 ( Table 3 ), suggesting that the extra 3OSG of OCT-7, A*', increases the contact between the reducing disaccharide, I 2S '-A 6S NS(red) , and AT. STD intensities were also estimated by using the STD-AF (STD amplification factor) [33] . Diagrams reporting the STD-AF and saturation times are shown for both the OCTA-7 and OCTA-1 in Supplementary Figures S7 and S8 (at http://www.biochemj.org/bj/449/bj4490343add.htm). The OCTA-1 STD-AF signals belonging to I 2S '-A 6S NS(red) (1.8<STD-AF<4.1 at 2 s) are smaller than those of the other residues (STD-AF>6 at 2 s). In the case of OCTA-7, a relatively high STD-AF value was observed for H5 of I 2S ' (STD-AF of 2.7 at 2 s), which was comparable with H1 of U. This confirms that the extra 3-O-sulfo group of OCTA-7, A*', increases the contact between the reducing disaccharide of OCTA-7 and AT, principally interacting through I 2S '. It is worth noting that significantly higher STD-AF values were observed for OCTA-1 compared with OCTA-7, since the two studied complexes are very similar (in terms of structures, binding regions and motional properties). The intensity of STD signals depends mainly on the different dissociation offrate constant, which is lower for OCTA-7.
Saturation transfer difference experiments were also conducted in H 2 O/ 2 H 2 O, which made it possible to observe the interaction between the glucosamine amide groups and AT (Figure 3) . In both octasaccharides the non-reducing end NH group of Nacetyl glucosamine was not observed because of the faster exchange rate with H 2 O. Owing to the different k off values, the STD-AF values are higher for the NH groups of OCTA-1 compared with those measured for OCTA-7, as observed in the experiment conducted in 2 H 2 O. The OCTA-7 NH moieties of A* and A*' have strong STD signals, whereas the NH signal belonging to the reducing glucosamine, A 6S NS(red) , for both octasaccharides has no STD signal, confirming that they play a minor role in the interaction with AT (Table 4) .
Conformation of the OCTA-7-AT complex
On the addition of AT to OCTA-7, the line width of signals in the 1 H spectrum increased by 2-3 Hz, indicating an interaction between the two (Supplementary Figure S9 at http://www.biochemj.org/bj/449/bj4490343add.htm). The small protein-induced shift observed in the spectrum is consistent with an equilibrium regulated by the slow to intermediate dynamic exchange between the free and bound states. Owing to the crossrelaxation rates differing considerably between the free and bound state, there is variation in the cross-peak intensities in the twodimensional NOESY (free state) and tr-NOESY (bound state) spectra (Supplementary Table S1 ). Iduronic acid conformations were investigated by analysis of the tr-NOESY spectra (mixing time = 100, 200 and 400 ms). A significant change in the ratio between H5-H4 and H5-H2 NOE magnitudes for both I 2S and I 2S ' residues compared with the free state, was observed for the OCTA-7-AT complex ( Table 2) .
As expected, the interaction between OCTA-7 and AT drives I 2S towards an almost pure 2 S 0 conformation, as confirmed by NOESY ratios between H5-H4/H5-H2, which change from 1.9 to 1.0 after binding to AT. This has also been observed for AGA*IA [30] , where the AT-binding surface seems to force I 2S to assume the 2 S 0 conformation. In contrast with those observed in the interaction of OCTA-1 with AT, where the reducing iduronate, I 2S ', principally maintains a chair conformation [22] the I 2S ' of OCTA-7 assumes a prevalent 2 S 0 conformation. Modelling of the OCTA-7-AT complex suggests that when I 2S ' is in the 2 S 0 form it allows an extra contact between the 2-O-sulfo group and Arg 24 (3.9 Å, Figure 4) , this is not possible for I 2S ', which assumes the 1 C 4 form in OCTA-1. This difference in conformation for I 2S ' residues within OCTA-1 and OCTA-7 is the primary difference between the two carbohydrates when they are bound to AT.
The interaction between OCTA-7 and AT does not affect the glycosidic linkage between A*-I 2S , this is also observed for OCTA-1. In contrast, there is a significant increase in the magnitude of the NOE signal arising from A*'(H1)-I 2S '(H4) with respect to that of A*'(H1)-I 2S '(H3), which is not observed for the OCTA-1 [22] , suggesting that the extra 3-O-sulfo group affects The OCTA-7 I 2S ' residue assumes a 2 S 0 conformation, with its 2-O-sulfo-group oriented towards the Arg 24 (3.9 Å). This contact is missing for OCTA-1:AT where I 2S ', which is in the 1 C 4 form, orients the 2-O-sulfo-group away from the protein surface. Table S1 ). The superimposition of the two modelled complexes OCTA-7-AT and OCTA-1-AT show significant differences in terms of their contacts between the sugars and the protein. In the OCTA-7-AT complex the 3-O-sulfo group of A*' is pointed towards Arg 46 and Arg 47 of AT, forming an electrostatic interaction which was also observed for a synthetic pentasaccharide analogue [26] , whereas in the OCTA-1-AT complex this electrostatic interaction seems to be replaced by a hydrogen bond involving the hydroxyl group now at P-3 of A To validate the proposed models, theoretical tr-NOEs were computed for both OCTA-7-AT complexes using the CORCEMA program [27] . The models in Figure 4 show a good fit between theoretical and experimental intraresidue tr-NOEs. The relative position of OCTA-7 in the AT active site is in agreement with the experimental data, as shown by the R-factor calculated on the H1-H2 tr-NOESY of the glucosamines (Table 5) . Also interglycosidic tr-NOEs gave relatively good R-factors ranging from 0.31 to 0.52. However, because small variations of glycosidic torsions give rise to strong variations of inter-glycosidic proton distances (and consequently in theoretical tr-NOE magnitudes), the models obtained so far provide useful indications of the 'true' octasaccharide geometry.
In conclusion, the existence of heparin/HS structures with additional 3OSG residues appears highly plausible in view of the substrate specificities defined for various members of the 3-OST family [35] . In fact, several oligosaccharides containing 3OSGs located in sequences distinct from the AT-binding site have been identified in different HS samples [10, 13] . Some of these structures are not recognized by AT, but, presumably, they are recognised by other HS binding proteins [36] . In fact, 3OSG residues were also found in heparin fractions which had no affinity for AT, suggesting that this residue can be present in different sequences that do not contribute to AT-mediated anticoagulant activity [37] . However, all fully characterized oligosaccharides so far isolated from heparin have had 3OSG residues exclusively in the -G-A*-sequence, present within the pentasaccharide AGA*IA motif [17, 18, [20] [21] [22] . Isolation of AGA*IA-containing octasaccharides showed the important role of the reducing and non-reducing AGA*IA extension for the interaction with AT, both providing additional contacts with the protein, enhancing the electrostatic interactions between the pentasaccharide moieties and the protein [21] . In the present study an octasaccharide isolated from the ultra-low-molecularmass heparin semuloparin [38] , containing two 3-O-sulfated-Nsulfo-glucosamine residues within the active pentasaccharide, was described for the first time. Fluorescence titration experiments indicated that the affinity to AT of the OCTA-7 is characterized by an equilibrium dissociation constant 20-fold lower than that measured for the AGA*IA-AT complex. Models generated from docking and energy minimization elucidated that the extra 3-O-sulfated group increases the contact between OCTA-7 and AT, the interaction being through the positively charged amino acids (Arg 46 and Arg 47 ) of AT. It is interesting to note that similar contacts were also observed in AT co-crystallized with an AGA*IA analogue bearing an extra 3-O-sulfated group on the reducing glucose (i.e. AGA*IA*) [26] . It was speculated that these contacts could be the cause of the higher affinity of AT to a synthetic pentasaccharide differing from the AGA*IA* moiety of the OCTA-7 by the presence of a N-sulfated group instead of a N-acetylated group at the non-reducing glucosamine [19, 39] . STD NMR experiments indicated that the -I 2S -A 6S NS(red) reducing extension of OCTA-7 lies slightly closer to the AT-binding site compared with that of OCTA-1 [21] , indicating that the 3-Osulfated group influences the position of such disaccharides. The conformation of the I 2S ' residue, which is driven towards the 2 S 0 form by the presence of AT, probably contributes to the stability of this assembly. Notably, the same residue of OCTA-1 remained in the 1 C 4 form in the bound state, suggesting that the conformational plasticity of I 2S ' contributed to the formation of the 'proper' threedimensional structure in the protein-binding site, enhancing the electrostatic interactions between AGA*IA and AT.
The discovery of OCTA-7 revises the role of the different enzymes participating in the HS/heparin biosynthetic pathway. The possibility of having two contiguous disaccharides bearing 3-O-sulfated glucosamine residues in heparin/HS chains has to be controlled by the substrate specificities of different 3-OST isoforms, each of them exhibiting unique substrate specificities [40] [41] [42] . Whereas the 6-O-sulfation of glucosamine and the carboxylate groups of the -A NAc -G-disaccharide located at the non-reducing end of the 3-O-sulfation site are necessary for the interaction with the 3-OST-1, the 2-O-sulfation of the uronate residue, always located at the non-reducing end, is essential for the interaction with the 3-OST-3. Moreover, the N-sulfo group of the glucosamine located two residues toward the reducing end appear to be crucial for the structural stability of the 3-OST-3-substrate complex [40] . The unusual sequence of OCTA-7 demonstrates that a single heparin chain might act as substrate for more than one 3-OSTs, supporting the hypothesis that the 3OSG can be located also in I 2S -3S A 6S NS -I 2S sequences, not necessarily involved in the interaction with AT [43] . 
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MATERIALS AND METHODS
Procedure for octasaccharide isolation, purification and sequencing OCTA-7 was obtained by combining AT affinity chromatography and CTA (cetyltrimethylammonium)-SAX chromatography on a semi-preparative scale and SAX on Carbopack AS11 (Dionex) chromatography, starting from octasaccharide GPC (gel-permeation chromatography) fractions of semuloparin [1] . GPC of semuloparin and the desalting conditions of the selected fractions were performed as described previously [2] . The octasaccharide fraction was chromatographyed on AT Sepharose column (40 cm×5 cm) with a stepwise gradient of NaCl. The column was prepared by coupling human AT (1 g) to CNBractivated Sepharose 4B (Sigma) as described by Höök et al. [3] . Octasaccharides (300 mg) were injected at each run, corresponding to high overloading conditions for the AT-affinity column. The low-affinity portion was eluted from the column with a 0.25 M NaCl solution buffered at pH 7.4 with 1 mM Tris/HCl at 6 ml/min. The high-affinity octasaccharide fractions were eluted with a six step gradient of NaCl (range between 0.25 and 3 M NaCl and 1 mM Tris-HCl, pH 7.4). The NaCl gradient was monitored by conductivity measurements and the octasaccharides in the effluents were detected by UV at 232 nm. Octasaccharides eluted in the last fraction between 160 and 190 mS/cm (corresponding to NaCl concentrations of 2.6 and 3 M) were used for the purification of OCTA-7. The final purification of OCTA-7 was achieved using CTA-SAX chromatography. CTA-SAX semi-preparative column (25 cm×2.2 cm) filled with Hypersil Betabasic C18 (5 μm particle size) prepared as described previously [2] . The mobile phases for oligosaccharide separation were aqueous sodium methanesulfonate (Interchim) at concentrations varying between 0 and 2.5 M. The pH was adjusted to 2.5 by addition of dilute methanesulfonic acid. Separations were achieved at 50 • C. Salt concentration in the mobile phase was increased linearly from 0 to 2.5 M over 60 min. A flow rate of 20 ml/min and UV detection at 232 nm was used. Collected fractions were neutralized and controlled on analytical CTA-SAX. The fractions enriched in OCTA-7 were treated on Mega Bondelut C18 cartridges (Varian) and reinjected after a 5-fold dilution in H 2 O on a Carbopack AS11 column (25 cm×2.1 cm) (Dionex) circulated by H 2 O at 20 ml/min. The bound oligosaccharides were eluted with a linear gradient of NaClO 4 (up to 0.6 M). Double UV detection was monitored at 232 nm and 202-230 nm. At neutral pH, the Nacetylated oligosaccharide selective signal, 202-230 nm, is UV signal 230 subtracted from 202 nm. The purified fractions of OCTA-7 were then desalted on Sephadex G-10 columns [2] . Sequencing of OCTA-7 was performed by a combination of controlled and exhaustive cleavage with heparitinases and HPLC analysis of fragments as reported previously [2] . A preliminary reducing step was performed before sequencing experiments. Briefly, 15μl of a 150 g/l NaBH 4 solution in 100 mM sodium acetate were added to 1 ml of a 1-2 g/l aqueous solution of the oligosaccharide to be reduced. Usually, a few hours of reaction are sufficient to achieve a complete reduction at the reducing end of the oligosaccharide. The reaction progress was followed on an analytical CTA-SAX column. After completion of the reduction, remaining NaBH 4 was neutralized by perchloric acid until a pH between 5 and 6 of the solution was reached. The solution is then desalted on a 200 mm×1 0mm Sephadex G-10 column. 
